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Renal nerves and the natriuresis following unilateral renal exclusion in
the rat. Both acute unilateral nephrectomy (AUN) and acute ureteral
pressure elevation (UPE) stimulate sodium excretion (UNaV) from the
contralateral kidney, a response which in each case is interrupted by
prior denervation of either kidney. Yet the natriuresis after AUN is
known to be related to an increase in the plasma concentration of a
y-melanocyte stimulating hormone (y-MSH)-like peptide. In anesthe-
tized rats, sham AUN had no effect on contralateral UNaV, and plasma
immunoreactive (IR) y-MSH concentration was 10.6 3.0 (SD) fmol/
ml. In rats with intact renal innervation, UNaV more than doubled after
AUN (P < 0.001), and IR-y-MSH was increased to 14.9 4.6 fmol/ml
(P < 0.025). Unilateral renal denervation led to the expected increase in
ipsilateral and decrease in contralateral UNaV, and neither sham AUN
nor AUN of the denervated of innervated kidney influenced UNaV. In
all three of these groups, IR-y-MSH concentration was reduced below
the sham or post-AUN values seen in rats with innervated kidneys, to
4.9 3.3, 3.8 3.4, and 2.8 3.5 fmol/ml, respectively (P < 0.001 for
all). These results suggested that removal of renal afferent nerve input
by renal denervation lowered basal IR-y-MSH activity and prevented
the stimulated level normally seen after AUN. To examine the effect of
stimulating afferent renal nerve activity, we carried out UPE, a maneu-
ver known to increase ipsilateral afferent renal nerve traffic through
activation of renal mechanoreceptors, as well as cause a natriuresis
from the contralateral kidney. No change in UNaV occurred after sham
UPE, and plasma IR-y-MSH was 10.8 3.9 fmol/ml. UPE caused
UNaV to double, and IR-y-MSH rose to 20.0 7.3 fmol/ml (P < 0.002).
This natriuresis was blocked in rats pretreated with anti-y-MSH anti-
serum despite an equivalent increase in ureteral pressure. These
observations indicate that afferent renal nerve activity is important in
facilitating both basal and stimulated plasma IR-y-MSH after AUN, and
that activation of afferent traffic by UPE itself leads to an increase in the
plasma concentration of this peptide. This increase is important in the
contralateral natriuresis, since the latter is prevented by anti-y-MSH
antiserum. These studies thus define a new neurohumoral system
involved in the regulation of UNV.
Acute unilateral nephrectomy (AUN) causes an increase in
sodium excretion (UNaV) from the contralateral remaining
kidney through reflex neurohumoral pathways. The afferent
limb of this reflex involves activation of carotid sinus barore-
ceptors [1], and we have recently presented evidence that the
efferent mediator of the postnephrectomy natriuresis is an
increase in the plasma concentration of a peptide hormone
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identical with or closely related to y-melanocyte stimulating
hormone (y-MSH) [2]. We observed that the plasma concentra-
tion of immunoreactive (IR) y-MSH increases after AUN by an
amount correlated with the magnitude of the natriuresis, that
the natriuresis is not observed in the presence of circulating
anti- y-MSH antiserum, and that infusions of synthetic y-MSH
are natriuretic when given intravenously or directly into a renal
artery [2]. Yet we had shown earlier that prior renal denerva-
tion, either of the kidney to be removed or of the kidney
remaining in place after AUN, prevented the postnephrectomy
natriuresis from occurring [3]. We consequently undertook to
explore the effect of renal denervation on both the basal plasma
IR-y-MSH concentration as well as the increase usually seen
after AUN. The results of our study suggest a role of afferent
renal nerves in the modulation of plasma IR-y-MSH activity,
and provide a more comprehensive picture of the mechanisms
involved in the postnephrectomy natriuresis.
Methods
We studied male Sprague-Dawley rats, weighing between 260
and 330 g, which were housed three or four to a cage in the
Animal Care Facility at constant temperature and humidity and
with a 12-hour light and dark cycle. The experimental protocol
was reviewed and approved by the Committee on Animal
Research of the University of California San Francisco. Rats
were given free access to standard laboratory chow and tap
water until the morning of the experiment, when they were
brought to the research laboratory and anesthetized with
mactin®, 120 mg/kg intraperitoneally. They were placed on a
heated table to maintain rectal temperature at 37 0.5°C, and
underwent placement of a tracheostomy tube and fine polyeth-
ylene catheters in the femoral artery for blood sampling and
recording of arterial pressure, and the femoral vein for infusion
of solutions. Through a midline abdominal incision, a tapered
PE 50 catheter was inserted into a ureter and led to the outside
through the incision for the collection of urine; in experiments
involving renal denervation, both ureters were catheterized.
Denervation was accomplished by stripping the left renal artery
and hilum of all nerve bundles and coating the pedicle with 2N
phenol as we have described previously [3]. The wound was
closed and the animal allowed to stabilize for one hour follow-
ing completion of this surgical preparation. To maintain a
euvolemic state, each animal received an intravenous infusion
of 5% bovine serum albumin in normal saline, infused during
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the surgery in an amount equal to 1% body weight. At the
completion of surgery, this infusion was changed to normal
saline, delivered at 2.4 mI/hr for the rest of the experiment.
After stabilization, three or four timed urine collections were
obtained in preweighed vials. We then reopened the abdominal
wound and carried out AUN as previously described by tying
double ligatures around the renal artery and vein and cutting
between them. Since the left kidney was always the one which
underwent denervation, left AUN is termed "ipsilateral AUN"
whereas right AUN is called "contralateral AUN". In sham
AUN experiments, the wound was opened but then closed
again without any renal manipulation. Urine collections were
resumed starting 30 minutes after the maneuver and continued
for 60 minutes, at which time a 5 ml blood sample was taken for
peptide radioimmunoassay (RIA) and the experiment termi-
nated; the volume of plasma required for RIA precluded paired
sampling during control experimental periods. Five groups
were studied using this protocol. Group I consisted of eight rats
with bilaterally intact renal nerves which underwent sham
AUN; these served as time controls for spontaneous variations
in UNaV. Group II was composed of 20 rats, again with intact
renal nerves bilaterally, in which we carried out AUN. Group
III consisted of 12 animals with unilateral renal denervation
which underwent sham AUN. Group IV were eight rats with
unilateral renal denervation in which we carried out AUN of the
left, or denervated, kidney (ipsilateral AUN). Finally, Group V
contained nine rats with unilateral renal denervation which
underwent right AUN (contralateral AUN).
Since renal denervation interrupts afferent renal input into
the central nervous system (CNS) as well as efferent sympa-
thetic traffic to the kidney, we sought to study the consequences
of activation of afferent renal nerves by measuring the relevant
variables before and after unilateral ureteral pressure elevation
(UPE), a maneuver known to stimulate ipsilateral afferent renal
nerve activity [4]. For these studies, surgical preparation dif-
fered in that the left ureter was cannulated through a paraspi-
nous flank incision, and urine from the right kidney collected by
means of a flanged catheter placed in the urinary bladder
through a small suprapubic incision. After control urine collec-
tions, the ureteral catheter was attached to a 60 cm length of PE
50 tubing filled with normal saline and suspended vertically over
the rat; in sham experiments, no manipulation took place and
urine was collected continuously. Urine collections were ob-
tained for the 30 to 90 minute interval following the application
of UPE, at which point the experiment was terminated by
recording ureteral pressure with a pressure transducer and
harvesting a large blood sample as in the AUN studies.
Three groups were studied using this protocol. Group VI
consisted of 11 rats serving as time controls for this series of
experiments and which we term sham UPE. Group VII con-
tained 10 rats which underwent UPE as described. Group Viii
was designed to evaluate the functional significance of the
increase in plasma IR-y-MSH concentration which we saw in
Group VII experiments. Group VIlla (10 rats) received an
intravenous injection of 200 d of nonimmunized rabbit serum at
the conclusion of surgical preparation, while Group VilIb (10
rats) received 200 pi of rabbit anti-y-MSH antiserum (the same
antiserum used in the RIA). Each group then underwent the
standard UPE protocol as described. We did not obtain plasma
for subsequent y-MSH RIA in these Group VIII studies.
In all experiments, urine collections were 10 or 15 minutes in
length, and flow rate was determined gravimetrically. In most
experiments, hematocrit was measured in blood samples col-
lected in capillary tubes before and after the experimental
maneuver. Blood pressure was recorded throughout some
experiments by means of a Statham P23id transducer connected
to a Grass Model 7D polygraph (Grass Instruments, Quincy,
Massachusetts, USA). Urine sodium and potassium concentra-
tions were measured by flame photometry with an IL Model 443
photometer (Instrumentation Laboratories, Lexington, Massa-
chusetts, USA) and UNaV and potassium excretion (UKV)
calculated as the product of this concentration and urinary flow
rate; results are expressed as nEq/min. For all measured
variables, all observations made during control or after the
experimental maneuver were averaged to provide a single
control and experimental value from each individual experi-
ment.
Blood samples (5 ml) were placed in Vacutainer® tubes
containing EDTA and 500 IU aprotinin, and centrifuged imme-
diately at 4°C for 10 minutes. The plasma was decanted and
stored at —70°C. For RIA, the plasma samples were thawed in
the cold and extracted through SepPak Cl8 cartridges (Waters
Co, Milford, Massachusetts, USA) as previously described [2].
The cartridge eluates were lyophilized and stored at —70°C until
assayed, at which time they were reconstituted in assay buffer,
centrifuged, and assayed for y-MSH immunoreactivity. The
assay used is an improved version of our previously described
method [21. We raised a new antiserum, GM 7/5, in a New
Zealand white rabbit against a y-MSH-bovine thyroglobulin
conjugate. This antiserum showed no cross reactivity with a- or
/3-MSH, ACTH (1-39) and ACTH (4-10), and less than 0.1%
cross reactivity with y1-MSH and lys-y1-MSH, indicating that
the C-terminal portion of the y-MSH sequence is crucial for
antibody recognition. The antiserum was used at a final con-
centration of 1:45,000. A 24 hour preincubation without tracer
was followed by a second, 48-hour incubation with 125I-y-MSH
tracer. A new batch of synthetic y-MSH (Peninsula Laborato-
ries Inc., San Carlos, California, USA, lot #013092) was used
as standard. Half-maximal tracer displacement occurred at 40
fmol/tube and assay sensitivity was better than 2 fmolltube. The
intra-assay coefficient of variation is 7%. With this new proce-
dure, the measured level of IR-y-MSH in rat plasma extracts is
lower than with the old method (about 10 vs. 40 fmol/ml plasma
in anesthetized, surgically prepared control rats), but the ratio
of stimulated to control IR-y-MSH concentration is the same
with the two procedures.
Data are expressed as the mean SD during control or after
the experimental maneuver. We used the Student's paired I-test
to assess the significance of differences within a group, and one
way analysis of variance to compare variables among the
various groups. When the F value indicated significant differ-
ences to exist, we employed the Bonferroni as the post-hoc test.
A P value less than 0.05 was taken as the criterion for statistical
significance.
Results
AUN with renal denervation
The effect of AUN or sham nephrectomy in rats with intact
renal innervation or unilateral renal denervation is presented in
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Table 1. Effect of unilateral renal denervation on electrolyte excretion and plasma IR-y-MSH concentration after acute unilateral nephrectomy
V
j.d/min
UNaV
nEqimin
UKV
nEqimin IR-)'-MSH
fmollmlC E C E C E
Rats with intact renal nerves
Group I: Sham AUN
(N=8)
Mean SD 6.0 3.4 5.9 2.7 1,054 314 942 382 1,067 273 1,241 424 10.6 3.0
P NS NS <0.05
Group II: AUN
(N = 20)
Mean SD 8.3 7.0 13.6 8.4a 895 451 2,334 l,005a 1,354 805 2,576 81l 14.9 4.6a
P <0.02 <0.001 <0.001
Rats with unilateral renal denervation
Group III: Sham AUN
(N= 12)
Left kidney
Mean SD 14.2 11.1 9.5 3.9 2,272 63? 1,931 474 2,134 63? 1,662 390 4.9 3•3b
P NS NS NS
Right kidney
Mean SD 5.4 3.4 5.8 3.8 718 289 801 353 968 504 1,033 448P NS NS NS
Group IV: Ipsilateral
AUN (N = 8)
Left kidney
Mean SD 21.1 16.1k — 2,358 994 — 2,138 453 —
Right kidney
Mean SD 8.7 7.8 9.4 6.2 929 340 952 386 912 360 1,451 457 3.8 3•4b
P NS NS <0.002
Group V: Contralateral
AUN (N =9)
Left kidney
Mean SD 16.3 11.9 12.1 4.7 2,327 860 2,499 888 2,106 664 2,591 793 2.8 3•5b
P NS NS <0.02
Right kidney
Mean SD 4.5 2.0 — 579 219 — 965 312 —
Values are means 1 SD of measurements made during control (C) or after acute unilateral nephrectomy (AUN) or sham AUN (E). P refers
to statistical significance of paired comparisons within groups using the paired t-test; NS, not significant (P> 0.05).
a Significantly greater than corresponding value in Group Ib Significantly less than Group I, P < 0.05 or greater by one-way ANOVA
Table 1 and Figure 1. Sham nephrectomy had no effect on urine
flow and UNaV in Group I rats, but a small increase in UKV
occurred. No change in any variable occurred after sham AUN
when one kidney was denervated (Group III). However, uni-
lateral renal denervation did lead to the expected ipsilateral
natriuresis and a tendency for the contralateral antinatriuresis
noted previously by several investigators [3, 5, 6] (Groups
III—V, Table 1). AUN in rats with bilaterally innervated kidneys
(Group II) led to the expected increase in both UNaV and UKV;
UNaV more than doubled, and UKV nearly so. These results are
similar to those we have observed previously [2, 3, 7, 8]. In
contrast, AUN in rats which had undergone prior denervation
of one kidney failed to induce a natriuresis. This was true
whether ipsilateral (Group IV) or contralateral AUN (Group V)
took place (Table 1), results which again are virtually identical
with similar studies reported earlier from our laboratory [3]. In
addition, the kaliuresis seen after AUN in Group II rats was
also blunted but not abolished by prior renal denervation, in
accord with our earlier observations [3] (Table 1).
The plasma concentration of IR-y-MSH at the end of the
experiment for the different groups is also shown in Table 1 and
Figure 1. In sham nephrectomy Group I rats with bilateral renal
innervation, IR-a.MSH concentration was 10.6 3.0 fmol/ml.
In Group II animals after AUN, it was 14.9 4.6 fmol/ml,
significantly greater than Group I sham rats (P < 0.025) and
again similar to our earlier results [2]. However, in each of the
groups with unilateral renal denervation, plasma IR-y-MSH
was significantly reduced compared to its respective control:
sham nephrectomy Group III rats had a plasma peptide con-
centration of 4.9 3.3 fmol/ml, less than Group I shams with
bilateral renal innervation (P < 0.001), while Group IV (3.8
3.4 fmol/ml) and Group V rats (2.8 3.5 fmol/ml) were each
significantly less after AUN than Group II experiments in rats
with bilateral renal innervation (P < 0.001). On the other hand,
the plasma concentration of IR-y-MSH did not differ among the
three groups with unilateral renal denervation whether AUN or
sham nephrectomy took place (Table 1). These results therefore
indicated that unilateral renal denervation not only reduced
plasma IR-y-MSH concentration, but also prevented the in-
crease usually observed after AUN. This latter effect of dener-
vation was true whether the ipsilateral or the contralateral
kidney underwent AUN.
Ureteral pressure elevation
The results of studies with UPE are presented in Table 2 and
Figure 1. Compared to the groups with bilateral renal innerva-
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hematocrit took place, but plasma IR-y-MSH concentration
was elevated at 20.0 7.3 fmol/ml, significantly greater than the
sham value (P < 0.002). Ureteral pressure at the conclusion of
these studies averaged 27.9 9.1 mm Hg.
The functional significance of this increase in plasma IR-y-
MSH was tested in Group VIII experiments which both under-
went UPE. Group Villa received 200 l of nonimmunized
rabbit serum, while Group Vilib received the same amount of
rabbit anti-y-MSH antiserum. In both groups UPE raised ure-
teral pressure equivalently, to 33.1 and 29.8 mm Hg, respec-
tively, yet natriuresis occurred only in Group Villa, the re-
sponses in this group resembling closely those observed in
Group VII except that no increase in UKV occurred (Table 2,
Fig. 1). UPE in Group Vilib failed to increase either UNaV or
UKV. Thus, the presence of the anti-y-MSH antiserum mark-
edly altered the response of the contralateral kidney to UPE,
completely preventing the natriuresis which normally results
from this maneuver. Small but significant increases in arterial
pressure took place in both these groups (Table 2). Plasma
peptide concentration was not measured in these experiments.
_______ Diseussion
Observations on the heniodynamic consequences of AUN
have led to the hypothesis that the natriuresis which follows this
maneuver results from the activation of a neurocirculatory
reflex, analogous to closure of an arteriovenous (AV) flstula [9].
The components of this reflex are shown schematically in
Figure 2. (1) AUN causes a transient rise in arterial pressure [1,
10] resulting from the purely hydrodynamic consequence of
removing one resistance bed from the various regional vascular
resistances arrayed in parallel. (2) This transient increase in
pressure is sensed by carotid sinus baroceptors and transmitted
centrally, since interference with carotid sinus function pre-
_______ _____________________________
vents reflex natriuresis after AUN [1]. Moreover, activation of
the carotid baroreflex by traction on a carotid artery leads to
natriuresis accompanied by an increase in plasma IR-y-MSH
concentration [11]. (3) Central integration occurs in medullary
and hypothalamic centers involved in cardiovascular regula-
tion; one or more steps must involve endogenous opiate release
and action, since central administration of a low dose of the
opiate receptor antagonist naloxone prevents the postnephrec-
tomy natriuresis [12]. In addition, a metabolic lesion of the
hypothalamic arcuate nucleus, which receives input from the
anterior hypothalamus [13], also blocks the natriuresis [8]. As a
consequence of this central integration, blood pressure declines
to control levels 15 minutes after AUN [11, accompanied by a
decrease in cardiac output [14], responses matching those seen
on closure of an AV fistula [15]. (4) Intact pituitary function is
required, since hypophysectomized rats, or rats pretreated with
a large dose of glucocorticoid, do not exhibit natriuresis after
AUN, nor does AUN result in an increase in the plasma
concentration of a peptide(s) derived from the N-terminal
region of proopiomelanocortin (POMC) adjacent to IR-y-MSH
[7]. The aspect of pituitary function necessary for the natriure-
sis to occur appears to be the secretion of a y-MSH-like peptide
into the circulation [2]. (5) y-MSH acts on the kidney to
increase UNaV. Infusion of the peptide directly into a renal
artery produces ipsilateral natriuresis, which is not associated
with an increase in GFR, indicating an action to decrease
tubular reabsorption [2, 16]. The proximal tubule is one neph-
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Fig. 1. The relationship between plasma IR-y-MSH concentration at
the end of the experiment (top) and the change in UNV (middle) and
UKV (bottom) in the various experimental groups. Asterisks indicate
significant changes in IJNV or UKV from baseline values (P < 0.05 or
greater). ND, not determined. The different groups are identified in
Methods and Tables 1 and 2.
tion used in the AUN protocol, these studies tended to have a
higher rate of UNaV during the control period, while the rate of
UKV was comparable. However, within the UPE groups, basal
UNaV did not differ significantly. The time controls (Group VI)
showed no change in UNaV and a significant decrease in UKV
during the course of the experiment, while mean arterial pres-
sure and arterial hematocrit were unchanged. Plasma IR-y-
MSH concentration at the end of these experiments was 10.8
3.9 fmollml, nearly identical to that seen in sham AUN Group I
animals (Tables 1 and 2, Fig. 1). Ureteral pressure was not
measured in these experiments, but was assumed to be no
different than atmospheric. In Group VII, UPE led to a highly
significant increase in UNaY and a smaller kaliuresis that was
more impressive when compared to the decrease seen in Group
VI animals. As in Group VI, no changes in arterial pressure or
I
1
T
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Table 2. Effect of unilateral ureteral pressure elevation on plasma IR-y-MSH concentration and contralateral sodium excretion
ron site where tubular reabsorption is depressed after AUN [17,
181.
However, some data were difficult to reconcile with this
proposal. We had shown that prior renal denervation blocked
the postnephrectomy natriuresis; this was true whether the
kidney to be removed or the kidney remaining in place had
undergone the denervation procedure [3]. This suggested that
the renal nerves were necessary, possibly via a renorenal neural
reflex, for the response to AUN. We therefore carried out the
present studies to explore the possibility that the renal nerves in
some way influenced the plasma concentration of IR-y-MSH.
Our results clearly indicate that renal denervation not only
reduces basal plasma IR-y-MSH concentration, but also pre-
vents the increase in concentration normally expected after
AUN. The criteria we used to assess the adequacy of our
denervation procedure were functional in nature: denervated
kidneys exhibited denervation diuresis and natriuresis whereas
the contralateral kidney had a reduced rate of UNaV (Table 1),
as observed by numerous other investigators [3, 5, 6] and
attributed to increased sympathetic efferent renal nerve activity
to the innervated kidney following removal of afferent input
from its denervated mate [5, 6]. Regardless of which kidney was
subsequently removed, no natriuresis occurred; plasma IR-y-
MSH concentration was reduced not only with respect to the
stimulated value seen after AUN with bilaterally innervated
kidneys, but also when compared to the baseline level mea-
sured in rats undergoing sham nephrectomy. Thus, the failure
of natriuresis to occur after AUN correlated with the failure of
IR-y-MSH levels to increase in plasma. Since this result oc-
curred whether ipsilateral or contralateral AUN was carried
out, it suggested that the prevailing renal afferent nerve activity
in these anesthetized rats exerted a tonic stimulatory effect on
plasma IR-y-MSH concentration: renal denervation of neces-
sity removes afferent nerve traffic from the kidney as well as
efferent traffic to the kidney.
Most biological control systems operate in a bidirectional
manner, and we therefore queried whether stimulation of af-
ferent renal nerve activity could influence renal function
through an increase in plasma IR-y-MSH concentration. A
variety of receptors has been identified in renal tissue by virtue
of the stimulation of afferent renal nerve activity which results
from certain chemical or physical manipulations [4, 19—21].
Among the best studied is mechanoreceptor activation caused
by elevation of ureteral pressure. This maneuver increases
ipsilateral afferent renal nerve activity, and increases UNaV
from the contralateral kidney through what has been described
as an inhibitory renorenal reflex, since the natriuresis is accom-
panied by a decrease in efferent nerve activity to that kidney
[4]. We confirmed that unilateral UPE produces a contralateral
natriuresis roughly similar in magnitude to that seen after AUN,
and without change in blood pressure, consistent with numer-
ous earlier results [3, 4, 211. However, we also found that this
natriuresis was accompanied by a doubling of plasma IR-y-
MSH concentration, providing another similarity between this
maneuver and AUN [3, 22]. This increase in peptide concen-
tration appeared functionally significant, since the presence of
anti-y-MSH antiserum prevented the expected natriuresis after
UPE from occurring, as we had shown earlier to be the case for
the postnephrectomy natriuresis [2]. The effect of the antiserum
was specific, since nonimmunized rabbit serum had no effect on
V
pi/min
-
C E
UNaV KV
JR
MSH
fmol/m!
Ureteral Arterial
pressure pressure Hematocrit
%
C E
nEqimin mm Hg
C E C E E C
Group VI: Sham
UPE(N= 11)
Mean 2L5 14.0 2,480 2,197 1,923 1,337 10.8 ND 110 108 42.1 43.3
±SD ±10.2 ±4.1 ±1,317 ±1,025 ±562 ±451 ±3.9 ±7 ±9 ±2.5 ±3.2
P <0.01 NS <0.001 NS NS
Group VII: UPE(N 10)
Mean 13.9 18.0 1,511 3,348 1,349 1,633 20.0 27.9 117 118 42.8 44.0
±SD ±6.9 ±8.3 ±633 ±1,451 ±556 ±606 ÷73a ±9.1 ±5 ±6 ±2.6 ±3.1
P <0.02 <0.001 <0.05 NS NS
Group Villa: UPE
with nonimmune
rabbit serum
(N 10)
Mean 12.0 17.6 1,957 3,162 1,611 1,783 ND 33.1 115 121 42.5 42.8
±sn ±7.1 ±10.8 ±814 ±1,556 ±512 ±260 ±7.1 ±8 ±9 ±4.3 ±4.4
P NS <0.005 NS <0.005 NS
Group VIIIb: UPE
with anti-y-MSH
antiserum
(N 10)
Mean 22.2 14.5 2,581 2,395 1,611 1,542 ND 29.8 122 125 44.2 45.3
±so ±10.8 ±7.4 ±1,223 ±1,122 ±301 ±322 ±11.1 ±8 ±8 ±2.9 ±2.6
P <0.005 NS NS <0.005
Presentation of data the same as in Table 1. UPE, ureteral pressure elevation,
a Significantly greater than corresponding value in Group 1.
ND, not determined.
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Anterior
pituitary
the natriuresis induced by UPE, and the magnitude of the
stimulus, as reflected by ureteral pressure at the end of the
experiment, was similar in both groups. This set of studies
consequently led to the conclusion that stimulation of afferent
renal nerve activity by UPE results in increased plasma IR-y-
MSH and contralateral natriuresis, just as interruption of af-
ferent nerve activity by renal denervation reduces plasma
IR-y-MSH and prevents the postnephrectomy natriuresis.
We infer from our studies that the increase in plasma IR-y-
MSH concentration reflects an increase in the secretion of this
peptide, presumably from the pituitary gland. It is possible,
however, that changes in plasma concentration could result
from alterations in the metabolic clearance rather than secretion
of the peptide. The kidney is known to catabolize a number of
peptide hormones [23], and maneuvers such as AUN and UPE,
which remove renal mass and excretory function, would be
expected to result in decreased renal peptide clearance. This in
turn could raise plasma peptide concentration without any
increase in pituitary secretion. This does not seem likely: AUN
in rats with unilateral renal denervation (Groups IV and V)
caused no increase in IR-y-MSH levels despite the loss of renal
tissue. Moreover, we have shown previously that AUN causes
no change in the plasma concentration of /3-endorphin, a
peptide derived, like y-MSH, from pituitary POMC [71. Finally,
we have demonstrated that stimulation of carotid sinus barore-
ceptors causes natriuresis and an increase in plasma IR-y-MSH
concentration without any reduction in renal mass [11]. We thus
feel that the increase in peptide concentration we have ob-
served after AUN or UPE reflects a specific effect of these
maneuvers to increase secretion of y-MSH-like peptide(s), in all
likelihood from the pituitary.
These experiments thus expand the model developed in
Figure 2 by indicating a requirement for sympathetic afferent
renal nerve input in the reflex initiated by AUN (Fig. 2, [6]).
Prior denervation of either kidney reduces basal IR-y-MSH
(Group III) and prevents the increase normally seen after AUN
(Groups IV and V), indicating that this afferent renal nerve
input is necessary for the maintenance of both basal and
stimulated secretion of this peptide. Additionally, stimulation of
afferent renal nerve activity by UPE also leads to an increase in
plasma IR-y-MSH concentration. Since UPE has no apprecia-
ble effect on blood pressure, its action to increase plasma
IR-y-MSH must be independent of carotid sinus baroreceptor
activation, the afferent pathway involved in the natriuresis after
AUN Ii]. This would imply that afferent renal nerves are
facilitory for increased y-MSH secretion mediated by carotid
baroreceptor activation, as after AUN, and directly stimulating
for enhanced secretion, as after UPE.
Afferent renal nerves have well-documented anatomic and
functional projections to the CNS. Monosynaptic afferent renal
nerves terminate in the nucleus of the tractus solitarius [24, 25],
and afferent renal nerve stimulation modifies single unit activity
in medullary and hypothalamic areas known to be involved in
cardiovascular and body fluid regulation [26, 271. Of direct
relevance to the current studies is the report by Day and Ciriello
showing stimulation of neurosecretory vasopressin cells in the
supraoptic nucleus by renal receptor activation [28], and by
Caverson and Ciriello of dramatic increases in plasma vasopres-
sin concentration following electrical stimulation of afferent
renal nerves [29]. Our experiments suggest a role as well for
afferent renal nerves in the regulation of the plasma concentra-
tion of a potential natriuretic hormone, y-MSH.
The effect of UPE to cause a functionally significant increase
in plasma IR-y-MSH activity raises questions about the nature
of renorenal reflexes. In addition to stimulating afferent renal
nerve activity, UPE also inhibits efferent nerve activity to the
contralateral kidney, lending credence to the concept that this
reflex is neurally mediated [3, 211. The functional role of these
changes in nerve activity has been defined by experiments in
which renal denervation of either kidney prevents reflex natri-
uresis after UPE 4, 211. The present studies show that unilat-
eral denervation also prevents stimulation of the secretion of
y-MSH-like peptide(s). Therefore, it is possible that natriuresis
after UPE is mediated by this peptide hormone rather than the
decrease in efferent renal nerve activity to the contralateral
kidney. Alternatively, interactions could exist between these
Fig. 2. Schematic presentation of defined components of the neurocir-
culatory reflex activated by acute unilateral nephrectomy resulting in
natriuresis from the contralateral kidney. Circled numbers represent
components described in more detail in the text. IX, ninth cranial
nerve.
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neural and humoral pathways: y-MSH stimulates efferent sym-
pathetic outflow when injected centrally, an effect usually
accompanied by an increase in blood pressure [30, 31]. If,
however, lower concentrations of the peptide, perhaps in
individual brain regions, exerted a differential effect on regional
sympathetic tone, a decrease in efferent nerve activity to the
contralateral kidney could contribute to natriuresis even while
efferent nerve activity to other organs might increase [32].
However, the results of Group VIII studies demonstrating
prevention of the UPE-induced natriuresis by anti-y-MSH
antiserum suggest that circulating y-MSH peptide(s) account
for the bulk of the post-UPE natriuresis, since the antibodies
are largely excluded from the CNS by the blood-brain barrier.
Further study of the mechanisms mediating UPE natriuresis
should provide insight into the interaction of neural and hu-
moral pathways regulating UNaV.
Evidence has also been presented recently suggesting that the
postnephrectomy natriuresis is mediated by an increase in the
plasma concentration of atrial natriuretic peptide (ANP) [33].
Although this evidence is compelling, we were unable to
measure any increase in plasma ANP concentration 90 minutes
after AUN, at a time when natriuresis had occurred and plasma
IR-y-MSH concentration was clearly elevated (Wiedemann E,
Lin S-Y, Humphreys MH, unpublished observations). A pitu-
itary factor has been postulated to be necessary for the release
of ANP from the heart in response to volume expansion [34],
and specific binding of y-MSH peptides has been demonstrated
in cardiac tissue [35]. The relationship of these observations to
the postnephrectomy natriuresis is an interesting question for
further study.
In aggregate, the scheme shown in Figure 2 defines a new
neurohumoral control system that acts in response to special-
ized stimuli (AUN, UPE) to stimulate U NOV. The effector is an
increase in the plasma concentration of a peptide or peptides
closely related to the y-MSH sequence, and the system oper-
ates primarily in a unidirectional manner in that increased
peptide concentration causes natriuresis, whereas a decreased
level does not appear to be antinatriuretic. To the extent that
other, more physiologic stimuli activate the afferent pathways
shown in Figure 2, this system may play a more general role in
body fluid homeostasis.
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